Background. The host's first line of defense against bloodstream infection with Candida albicans involves the recognition and clearance of the fungus by neutrophils and monocytes/macrophages. The purpose of the present study was to examine changes in the monocytic cell gene-expression profile in response to C. albicans stimulation.
lular-related kinases, are also involved in the production of factors such as chemokines in response to C. albicans.
The human monocytic cell line THP-1 affords a competent in vitro model of monocytes/macrophages during interaction with fungal cells. Previous studies have utilized THP-1 cells to examine human monocyte/macrophage chemokine production in response to whole fungal cells or fungal cell wall components [14, 15] , phagocytosis of fungal cells [16] , and differentiation and cell surface marker expression [17, 18] . THP-1 cells have proven advantageous in microarray analyses, since, in addition to their established usefulness as a monocyte/macrophage model, their homogeneous genetic background minimizes the amount of variability in the resulting gene expression profiles [19, 20] . Therefore, because of their established function as a model of peripheral blood mononuclear cells (PBMCs) and their attractiveness for use in microarray analysis, we chose to use THP-1 cells in an in vitro model of host monocyte-C. albicans interaction.
In the present study, to better explore the impact of C. albicans on host monocyte gene expression, we simultaneously examined the expression of ∼18,400 human genes by use of microarray hybridization of RNA from THP-1 cells cocultured for 3 h with C. albicans strain SC5314. Further consideration was given to several genes with known involvement in the host response to C. albicans, by examining mRNA and protein expression during a span of 12 h in THP-1 cells cocultured with this fungus. In addition, several genes whose expression has never before been associated with the host response to C. albicans were examined during the time course by real-time reverse-transcriptase polymerase chain reaction (RT-PCR), to identify differential mRNA expression.
MATERIALS AND METHODS
Human cell line and C. albicans isolate. The THP-1 human monocytic cell line (American Type Culture Collection) was used in this study. Cells were maintained in culture medium (RPMI 1640 and 10% fetal calf serum) at 37ЊC in a humidified chamber containing 5% CO 2 . SC5314 is a wild-type, virulent strain capable of producing hyphae. It was stored as a glycerol stock at Ϫ70ЊC and was grown in yeast nitrogen base broth containing 5% dextrose at 30ЊC in a shaking incubator.
Coculture conditions. Overnight fungal cultures were washed, resuspended in culture medium, and incubated in a shaking incubator for 3 h. THP-1 cells were also washed, counted using a hemacytometer, plated at cells/well, and allowed 6 2 ϫ 10 to equilibrate at 37ЊC for 3 h. After incubation, fungal cultures were washed, counted using a hemacytometer, and plated with THP-1 cells at a fungus-monocyte ratio of 3:10. This ratio was determined (data not shown) to preserve cell viability while providing suitable host gene response to known response genes, such as TNFA. Cocultures were incubated at 37ЊC in a CO 2 incubator for 3 h (for microarray hybridization) or for 1-12 h (for subsequent analyses). After incubation, each coculture was examined by light microscopy; the majority of C. albicans cells had formed hyphae by 1 h, and many C. albicans cells were intracellular by 6 h. Viability of THP-1 cells was assessed by trypan blue exclusion (у80% viability was observed), supernatants were collected, and RNA was isolated from THP-1 cells. Supernatants from cocultures were tested using an E-TOXATE kit (Sigma Chemical) and contained !0.06 EU/mL endotoxin. All experiments were performed in duplicate.
Total RNA isolation. Total RNA was isolated using Trizol reagent (Gibco/Invitrogen) in accordance with the manufacturer's instructions. RNA pellets were suspended in diethylpyrocarbonate-treated water and stored at Ϫ70ЊC. The integrity of RNA samples was assessed using an Agilent Bioanalyzer before microarray hybridization and by gel electrophoresis before real-time RT-PCR analysis.
Microarray hybridization and data analysis. Differential gene expression was measured by hybridizing Affymetrix U133A arrays and comparing normalized signals between THP-1 cells cultured in medium alone and those cultured with C. albicans. Two sets of hybridizations were performed using RNA samples generated from 2 independent coculture experiments. Ten micrograms of total RNA was subjected to first-and second-strand cRNA synthesis incorporating biotin-labeled nucleotides. cRNA was fragmented and subsequently hybridized overnight with microarray chips, using the manufacturer's hybridization buffer. Hybridized microarrays were washed and subjected to a signal-enhancement protocol consisting of an initial incubation with streptavidin-phycoerythrin (PE) conjugate, followed by staining with goat anti-streptavidin biotinylated antibody and a final staining with the streptavidin-PE conjugate. The microarrays were scanned using the GeneArray scanner with an argon ion laser excitation source, and emission was detected by a photomultiplier tube through a 570-nm longpass filter. Digitized image data were processed using GeneChip Operating Software (Affymetrix) . Data normalization was performed as described elsewhere [21] . Genes were considered to be up-regulated if averaged normalized ratios were у2.0 and were considered to be down-regulated if averaged normalized ratios were рϪ2.0.
cDNA synthesis and real-time RT-PCR. First-strand cDNAs were synthesized from 2 mg of total RNA in a 21-mL reaction volume by use of the SuperScript First-Strand Synthesis System for RT-PCR (Invitrogen). Quantitative real-time PCRs were performed in duplicate using the 7000 Sequence Detection System (Applied Biosystems). Independent PCRs were performed in triplicate, using the same cDNA for both the gene of interest and 18S rRNA, by use of the SYBR Green PCR Master Mix (Applied Biosystems). Gene-specific primers were designed for the gene of interest and 18S rRNA by use of Primer Table 1 . Sequences of primers used in real-time reverse-transcriptase polymerase chain reactions.
Gene
Express software (version 2.0; Applied Biosystems) and the Oligo Analysis & Plotting Tool (Qiagen) and are listed in table 1. The PCR conditions consisted of AmpliTaq Gold activation at 95ЊC for 10 min, followed by 40 cycles of denaturation at 95ЊC for 15 s and annealing/extension at 60ЊC for 1 min. To verify that a single product was amplified, a dissociation curve was generated at the end of each PCR cycle, by use of software provided with the 7000 Sequence Detection System. The change in fluorescence of SYBR Green I dye in every cycle was monitored by the system software, and the cycle threshold (CT) above background for each reaction was calculated. The CT value of 18S rRNA was subtracted from that of the gene of interest to obtain a DCT value. The DCT value of the least abundant sample at all time points for each gene was subtracted from the DCT value of each sample to obtain a DDCT value. The gene expression level relative to the calibrator was expressed as 2
ϪDDCT [22] .
ELISAs. MIP-1b, MIP-1a, IL-8, and TNF-a concentrations were determined by use of commercial ELISA kits (R&D Systems). Supernatants were stored at Ϫ70ЊC until assayed. Experiments yielding supernatants were performed independently in duplicate, and each supernatant was plated in duplicate in the ELISA. Optical densities were read at the appropriate wavelength on a microplate reader, and measurements were calculated as . means ‫ע‬ SEs Fluorescence-activated cell sorting (FACS) analysis. C. albicans-THP-1 cell cocultures were performed as described above, except that the coculture incubation time was 6 h. Each culture was split into two 5-mL round-bottom tubes, and cells were collected briefly by centrifugation and washed twice in PBS. Cells were incubated with 20 mL of either an anti-human CD83 monoclonal antibody or isotype control (both labeled with PE from Pharmingen) at 4ЊC for 30 min, washed twice in PBS, and resuspended in 0.5 mL of 1% paraformaldehyde. All samples were kept on ice until analyzed. Cell surface expression of CD83 was assessed on a Becton Dickinson FACSCalibur flow cytometer, with 1 events collected for each sample. Cells were gated 4 1 ϫ 10 according to light-scatter properties to exclude cellular debris. Gating for fluorescence intensity was determined by manually gating in the isotype control medium-cultured THP-1 cell sample and maintaining that gating for subsequent samples. Two replicate experiments were performed.
RESULTS
The comparison of the gene-expression profiles of C. albicansstimulated and unstimulated THP-1 cells revealed 131 genes differentially expressed by at least 2.0-fold (table 2) . Of these, 47 genes were up-regulated, and 84 genes were down-regulated. The up-regulated antipathogen-response genes included MIP1B, MIP1A, and TNFA. Signal-transduction genes found to be upregulated included DSCR1 (Down syndrome critical region 1), EGR3 (early growth response 3), RGS1 (regulator of G protein signaling), and FLT4 (fms-related tyrosine kinase 4). Pol II transcription genes that were down-regulated in THP-1 cells in response to C. albicans stimulation included LMYC and CEBPA (CCAAT/enhancer binding protein a). Other genes of interest that were down-regulated in THP-1 cells in response to C. albicans stimulation were the IL-10 receptor antagonist IL10RA and the chemokine receptor CCR2.
Further analysis was performed on several antipathogen-response genes and their gene products that are known to be responsive to C. albicans, by following their expression over time in response to C. albicans stimulation. Real-time RT-PCR 
Integral membrane protein 2.0 NOTE. GPI, glycosylphosphatidylinositol; HAT, histone acetyltransferase; IFN, interferon; IL, interleukin; MAPK, mitogen-activated protein kinase; MCP, monocyte chemotactic protein; MHC, major histocompatibility complex; PCAF, p300/CREB binding protein-associated factor; PDGF, platelet-derived growth factor; PKA, protein kinase A; VEGF, vascular endothelial growth factor. revealed early, maximal expression (by 3 h) of TNFA, MIP1A, CD83, and MIP1B mRNA in THP-1 cells cocultured with C. albicans (figure 1). In these same cells, IL8 mRNA expression reached maximal expression levels by 9 h.
Supernatants from THP-1 cells cocultured with C. albicans or in medium alone were used to measure cytokine/chemokine levels by ELISA (figure 2). As expected, cells stimulated by C. albicans produced significantly more IL-8, TNF-a, MIP-1a, and MIP-1b protein than did cells cultured in medium alone. CD83 protein expression at 6 h was assessed by surface staining of FLT4, CCR2, TNFAIP6, and NCF2. DSCR1, RGS2, GROB, and FLT4 had expression patterns similar to those of TNFA, IL1B, MIP1A, and MIP1B. RGS1 exhibited an expression pattern similar to that of IL8, with a maximal expression of nearly 40-fold at the 6-h time point that was sustained for the remainder of the time course. NCF2 and CCR2 exhibited an expression pattern that was inverse to that of RGS1 and IL8, with expression levels decreasing at least 2-fold by the 6-h time point. RGS16 and TNFAIP6 exhibited later maximal expression similar to that of RGS1 and IL8, but their expression levels decreased at later time points.
DISCUSSION
Induction by C. albicans of expression of antipathogen response genes in THP-1 cells. Among the most highly represented up-regulated genes were those involved in the antipathogen response, with MIP1A and MIP1B the most up-regulated genes identified by microarray. Interestingly, IL8 mRNA production was much greater at later time points than at 3 h, when RNA was harvested for microarray hybridization, suggesting that IL8 may respond to factors produced earlier in the stimulation. Although it did not make the 2-fold cutoff for inclusion in the list of differentially expressed genes, with an average of 1.8-fold expression (data not shown), IL1B was examined by real-time RT-PCR time course analysis, since its expression in human leukocytes was previously associated with response to C. albicans infection [9] . The analysis indicated that IL1B levels were at least 2-fold higher at every time point in C. albicans-stimulated cells than in medium-cultured cells.
Some C. albicans-specific, antipathogen-response genes we did not see in our list of differentially expressed genes were IL10, IL12A, IL12B, and SCYA5 (RANTES). IL10 has been shown to be up-regulated in monocytes in response to filamentous C. albicans. IL12A and IL12B, genes that encode the p35 and p40 subunits of IL-12 p70, have been demonstrated to be up-regulated in response to yeast forms of C. albicans. RANTES has also been shown to be expressed in response to C. albicans stimulation. Because the experiments in the present study were performed with filamenting C. albicans, it was not surprising to not see up-regulation of IL12A or IL12B. One study reported detection of IL10 mRNA in DCs in response to hyphae at 18 h after stimulation [23] . RANTES mRNA expression is reported in the literature to be increased slightly at 3 h and greatly increased at 20 h after stimulation in PBMCs; however, the expression level is not quantified from the Northern hybridizations shown [6] .
TNFA was also up-regulated in C. albicans-stimulated THP-1 cells. Several studies have described the increased expression of this cytokine in monocyte, granulocyte, or PBMC cultures with C. albicans [24] [25] [26] [27] . Additionally, we observed that TNFA mRNA induction is at its highest level within 1 h of coculture and is virtually at its maximal protein level by 3 h. Such an early TNFA response may be critical and responsible for the induction of many of the other molecules in the gene list. For example, ATF3 (activating transcription factor 3), DSCR1, and RGS16 are inducible by TNF-a [28] [29] [30] . TNF-a also strengthens the function of monocyte-derived CD83 + DCs by enhancing their proliferation in the presence of C. albicans, protecting their phagocytic ability, and enhancing their allogeneic T-cell stimulatory activity [31] .
The up-regulation of CD83 in THP-1 cells was somewhat surprising, since it is a marker on mature DCs. However, monocytes stimulated with C. albicans hyphae had increased expression of CD83, although they possessed characteristics atypical of DCs [25] . Although CD83 is primarily used as a cell surface determinant, studies designed to determine a potential role of the molecule in DCs have shown that soluble forms to be involved in modulating the immune response of T cells by inhibiting DCdriven allogeneic and peptide-specific T cell proliferation while inhibiting the maturation of DCs by causing the down-regulation of CD80 and CD83 on immature DCs [32] . TNFAIP6 (also known as TNF-stimulated gene 6, or TSG6) is expressed in mononuclear cells, among other cell types, in response to TNF-a and IL-1. It is thought to function as an anti-inflammatory molecule, as part of a negative feedback loop during inflammation [33] . It also acts to inhibit protease action during inflammation, by forming stable complexes with components of the serine protease inhibitor inter-a inhibitor (IaI), which inhibits the protease activity of plasmin, important in the protease network associated with inflammation. The induction of TNFAIP6 is consistent with the expression of TNFA in response to C. albicans stimulation.
CCR2, which is down-regulated 2.4-fold in response to C. albicans, is a G protein-coupled receptor for the chemokines monocyte chemotactic protein (MCP)-1, MCP-3, and MCP-4. Examination of a pulmonary Cryptococcus neoformans infection model in CCR2 knockout mice revealed that these mice had a prolonged duration of disease and were less able to recruit macrophages and CD8 + T cells into the lung [34] . These mice were found to have a Th2-type response, chronic pulmonary eosinophilia, and high serum IgE levels, suggesting that CCR2 is required for the development of a Th1 response to C. neoformans. Additionally, studies of the maturation of DCs revealed that expression of CCR2 mRNA was down-regulated to nondetectable levels [35] .
The protein encoded by NCF2 (neutrophil cytosol factor 2, or p67 phox ) is the limiting cofactor in the assembly of the NADPH oxidase enzyme complex in neutrophils. NADPH oxidase catalyzes the production of oxygen radicals that are essential in the defense against pathogens, and the NCF2 gene product is involved in the final activation of the enzyme complex. Although TNF-a-treated monocytic cells have NCF2 up-regulation [36] , the present study indicates that NCF2 is downregulated in the presence of increased levels of TNF-a. It is possible that some other factor produced in response to C. albicans is overriding the effect of TNF-a in modulating the expression of NCF2 in C. albicans-stimulated cells.
GROB (or MIP2A), up-regulated 13-fold in this study, is produced by activated monocytes and neutrophils at the site of inflammation. It enhances neutrophil function by increasing CD11b cell surface expression, superoxide production, chemotaxis, and enhancing killing [37] . GROB also enhances superoxide production in monocytes and has recently been shown to be produced by monocyte-derived DCs in response to bacterial flagellar proteins or lipopolysaccharide [38] .
Differential expression of signal transduction molecules in C. albicans-stimulated THP-1 cells. DSCR1 is a gene found in the chromosome 21 Down syndrome critical region. Recently, it was found to be involved in putative negative feedback regulation after vascular endothelial growth factor (VEGF) stimulation in endothelial cells [29] . Similar to cyclosporin A, it is antagonistic to calcineurin signaling, resulting in downregulation of several VEGF-responsive genes, such as ESEL (Eselectin). These genes have been shown to be up-regulated in endothelial cells upon stimulation with C. albicans [39] . It is possible that DSCR1 up-regulation in C. albicans-stimulated THP-1 cells is involved with the normal negative regulation of monocyte-specific molecules during the inflammatory process.
The molecules RGS1, RGS2, and RGS16 were up-regulated ∼4-fold in response to SC5314. Each are involved with regulating GTPase activity of the Ga subunit of G protein-coupled receptors, diminishing the duration of downstream signaling that occurs. Previously, it was shown that disruption of RGS1 in mice leads to abnormal trafficking of antibody-secreting cells, as well as to abnormalities in the spleen and Peyer patches [40] . Another study demonstrated that TLR signaling in human monocyte-derived DCs leads to increased RGS1 and RGS16 expression [41] . In short, it seems that the RGS gene products help to ensure normal responses of monocyte-derived DCs through TLRs and chemokine receptors.
EGR3 is a zinc-finger transcription factor and an immediate-early gene product. It was up-regulated nearly 5-fold in response to C. albicans. Expression of EGR3 is inhibited by cyclosporin A and can be induced by a variety of external stimuli [42] . EGR3 activates transcription of many genes, including FasL, TRAIL, and TNFA [43] .
FLT4, which is up-regulated 12-fold in response to C. albicans, is a VEGF receptor typically found on the surface of endothelial cells. A recent study reports FLT4 protein expression on the surface of immature DCs that were derived from CD14 + monocytes cultured with granulocyte-macrophage colony-stimulating factor and IL-4 [44] . These immature DCs also expressed CD1a, HLA-DR, and CD86, as well as endothelial cell markers such as VE-cadherin and FLT1. However, as these cells were allowed to mature in the presence of TNF-a, they lost their expression of endothelial cell markers in favor of CD83 expression. The role of FLT4 in THP-1 cells in response to C. albicans expression is unclear.
Down-regulation of protein-synthesis genes in response to C. albicans stimulation. Four protein-synthesis genes were downregulated in cells cocultured with C. albicans. Since there are 130 genes involved in translation initiation, the down-regulation of these genes was probably not indicative of down-regulation of protein synthesis in general. In fact, one of these genes, eIF5A, has been demonstrated recently to be a regulator of p53 [45] . Up-regulation of eIF5A leads to p53 up-regulation and increased probability of apoptosis. Therefore, down-regulation of eIF5A in the present study may have contributed to the proliferation of THP-1 cells in response to C. albicans stimulation.
Conclusions. The present study provides important information about the gene-expression profile of human monocytelike cells in response to C. albicans. Identification of newly identified genes provides insight into the regulation of the antipathogen response, while time course studies indicate the dynamics of the response. Future studies examining the role of the RGS genes, DSCR1, EGR3, and FLT4 in the host response to C. albicans, especially pertaining to their interaction with TLRs or other C. albicans-interacting molecules, is warranted.
